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Abstract 


Severe acute respiratory syndrome (SARS) coronavirus (SARS-CoV) is a newly identified member of Family Coronaviridae. 
Coronavirus envelope spike protein S is a class I viral fusion protein which is characterized by the existence of two heptad repeat 
regions (HR1 and HR2) (forming a complex called fusion core). Here we report that by using in vitro bio-engineering techniques, 
SARS-CoV HR1 and HR2 bind to each other and form a typical 6-helix bundle. The HR2, either as a synthetic peptide or as a GST- 
fusion polypeptide, is a potent inhibitor of virus entry. The results do show that SARS-CoV follows the general fusion mechanism of 
class I viruses and this lays the ground for identification of virus fusion/entry inhibitors for this devastating emerging virus. 


© 2004 Elsevier Inc. All rights reserved. 
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Severe acute respiratory syndrome coronavirus 
(SARS-CoV) has been identified as a new distinct 
pathological entity [1-3] and the disease infected more 
than 8000 people and killed 774 worldwide, mostly in 
Asia, before it was brought under control in July 
between the winter and spring in 2002-2003 (WHO 
website: www.who.int). It has been shown that the ge- 
nomic sequence is unrelated to any other known mem- 
bers of Family Coronaviridae isolated from either 
humans or animals [4-6], thereof designated as a new 
group, Group IV, along with the previous three known 
groups [4-9]. 
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Members in Family Coronaviridae are a group of 
enveloped positive-stranded RNA viruses with largest 
genome among the RNA viruses and have 34 envelope 
proteins embedded on the surface of the viral envelope 
lipid membrane [7,8]. The genomic sequencing reveals 
that, as with other enveloped RNA viruses, including 
the coronaviruses [10-12], SARS-CoV envelope spike 
(S) protein contains highly conserved heptad repeat re- 
gions (HRI and HR2), which have been shown as im- 
portant in virus membrane fusion and successfully used 
as targets for virus entry/fusion inhibitors in a number 
of viruses [13-18], including a coronavirus, mouse hep- 
atitis virus (MHV) [12]. The existence of HR regions is 
also a characteristic of class I viral fusion protein [19]. 
Currently two classes (classes I and II) of virus fusion 
proteins have been classified [19]. 

It is generally believed that the envelope protein un- 
dergoes a series of conformational changes during the 
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virus fusion process [13,20—22]. The HR1 and HR2 re- 
gions are believed to be important modules/domains in 
this process and show different conformations in differ- 
ent fusion states [13]. Under the current model, there are 
at least three conformational states of the envelope fu- 
sion protein [13]. They are pre-fusion native state, pre- 
hairpin intermediate state, and post-fusion hairpin state. 
During these state transitions, the HR1 and HR2 are 
exposed in an intermediate conformational state but 
bind to each other to form coiled coil structure in an 
anti-parallel mode in the post-fusion state. Therefore, 
the in vitro introduced HR peptides compete with the 
endogenous HR counterparts in the intermediate state, 
preventing the transition into the formation of HR1/ 
HR2 coiled coil bundle, the post-fusion state [13]. This 
coiled coil bundle conformation is believed to be im- 
portant for bringing two lipid membranes (cellular and 
viral) into proximity with each other allowing the 
membrane fusion for virus entry. Membrane fusion is 
the key step for enveloped virus infection. The HR1/ 
HR2 coiled coil bundle is called the virus fusion core 
[13]. In this structure, as shown by several crystal 
structures of fusion cores, including HIV, hRSV, influ- 
enza virus A, and Ebola virus [23-29], three HR1 bind 
each other to form a trimeric core whereas three HR2 
surround this core. As both HR1 and HR2 are struc- 
turally « helical in this fusion core, this structure is also 
called 6-helix coiled coil bundle [13]. 


S1 


To investigate the structural basis of SARS-CoV 
fusion and entry and identify new fusion inhibitors, we 
have carried out the analysis of the SARS-CoV HR1 
and HR2 fusion core in this study. Both HR1 and HR2 
have been expressed in Escherichia coli and the in vitro 
assembly of the fusion core was analyzed. The GST 
fusion or chemical synthetic HR2 was tested in virus 
fusion inhibition. The results do show that SARS-CoV S 
protein is a typical class I viral fusion protein and HR2 
is a potent fusion inhibitor. This is consistent with the 
recent observation on another coronavirus, MHV [12]. 


Materials and methods 


Virus and cell line. SARS-CoV virus isolate WHU was used in this 
experiment, which was isolated from a SARS patient who died of 
SARS and the virus genome was confirmed by sequencing (GenBank 
Accession No. AY394850). The virus causes typical cytopathic effect 
(CPE) on Vero E6 cell monolayer. Vero E6 cell line was obtained from 
the American Type Culture Collection (ATCC) (Rockville, MD) and 
maintained in DMEM (Sigma) containing 2% fetal bovine serum 
(FBS) (Sigma). 

Gene construction. As shown in Fig. 1, SARS-CoV S protein is a 
typical type I membrane protein. The HR1 and HR2 regions were 
predicted using the computer program LearnCoil-VMF (http://night- 
ingale.lcs.mit.edu/cgi-bin/vmf) [30]. The HR1 region covers amino 
acids 898-1005, whereas the HR2 includes the amino acids 1149-1186 
(Fig. 1). The polypeptides were then engineered in vitro and expressed 
in E. coli. The HR1 was expressed as an N-terminal his-tagged protein 
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Fig. 1. Prediction of the HR regions of SARS-CoV S protein. Schematic diagram of S protein (amino acids 1—-1255 for the full-length) is shown in the 
upper panel. As the basic amino acid cluster required for S1/S2 cleavage is not present it is unlikely that SARS-CoV S protein would be processed 
further into S1 and S2. However, the positions of the putative S1 and S2 are indicated for the convenience to compare with other coronaviruses. “SS” 
represents signal sequence and “TM” for transmembrane domain. In the lower panel, likelihood of HR1 and HR2 predicted by LearnCoil-VMF 


program [30] is shown. 
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in pET30a vector (Novagen) and HR2 (two versions) was expressed as 
a glutathione-S-transferase (GST) fusion protein. A peptide corre- 
sponding to amino acids 1149-1186 (HR2-38) was also synthesized 
(Sigma-Genosys, UK). 

For construct making, His-HR1 construct was cloned into pET30a 
vector with BamHI and Xhol, thereof resulting in 50 extra amino acids 
at the N-terminus of the HR1 (same strategy as Wang et al. [31]). GST 
fusion HR2 constructs (HR2-38 and HR2-44) were cloned into pGEX- 
6p-1 (Pharmacia) with unique restriction enzyme sites BamHI and 
NotI (same strategy as Yu et al. [32]). There were two versions of GST- 
HR2, i.e., GST-HR2-38 and GST-HR2-44. For the latter, there were 6 
extra amino acids after the predicted position at the C-terminus from 
the S gene (amino acids 1149-1192). Cloned constructs were verified by 
direct DNA sequencing. 

Protein expression and purification. All the relevant positive ex- 
pression vectors (30a-HR1, GST-HR2-38, and GST-HR2-44) were 
transformed into E. coli strain BL21 (DE3) competent cells and single 
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colony was inoculated into 2x YT medium containing 100 g/ml 
ampicillin at 37°C for overnight culture. Then the overnight culture 
was transferred to new 2x YT medium for large-scale protein pro- 
duction by growing at 37°C. When the culture density (OD¢09) reached 
0.8, the culture was induced with 0.2mM IPTG and grown for an 
additional 5h at 25°C before the cells were harvested. 

The harvested culture was centrifuged and the bacterial cell pellet 
was re-suspended in PBS and homogenized by sonication. Triton X-100 
was then added to a final concentration of 1%, and the lysate was in- 
cubated for 30min on ice and was subsequently clarified by centrifu- 
gation at 12,000g for 15min at 4°C. Then the supernatant was loaded 
onto a glutathione-Sepharose 4B column (Pharmacia) or Ni-chelated 
Sepharose affinity column (Pharmacia). The protein-loaded column 
was then washed with 3x column volume of PBS. After that, for GST- 
fusion protein, the protein was eluted with 10mM reduced glutathione. 
For the GST-removed proteins, the GST-3C rhinovirus protease 
(kindly provided by Drs. J. Heath and K. Hudson) was added into the 
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Fig. 2. Characterization of the HRI-HR2 6-helix bundle. (A) The 30a-HR1 bound to GST-removed HR2. On gel-filtration, the equal-molar mixture 
of HR1 and HR2 forms 6-helix bundle complex. The molecular weight of the complex on gel filtration is approximately 67 kDa and the peak shows 
the existence of both HR1 and HR2 in similar stoichiometry (inset picture). Inset picture is a Tris-Tricine SDS-PAGE gel. Lane M, protein standard 
marker in kDa; lane 1, purified GST-removed HR2; lane 2, purified his-HR1; and lane 3, peak from gel-filtration, clearly showing the co-existence of 
the HR1 and HR2 bands from a single peak. (B) Assembled HR1/HR2 forms typical a-helix coiled coil as shown by circular dichroism (CD) 
spectroscopy (double minima at 208 and 222 nm). (C) Thermodynamic stability of the complex. The melting temperature is over 85 °C, typical stable 


coiled coil bundle. 
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resin to cleave the GST and the fused target protein and the mixture was 
incubated with gentle agitation for about 10h at 4°C. The target pro- 
tein was eluted with 10ml PBS. For the His-tagged HRI, the protein 
was eluted with 100mM imidazole. 

HRI-HR2 complex assembly and gel-filtration analysis. Equal 
molar purified His (30a)-HR1 and GST-removed HR2 were mixed at 
room temperature for 1h. The mixture was then loaded onto a Su- 
perdex G200 column (Pharmacia). One single peak (60-70 kDa) was 
detected and the eluted fractions were analyzed on Tris—Tricine SDS— 
PAGE. 

GST pull-down experiment. Purified GST-HR2-38 was mixed with 
equal molar 30a-HR1 on ice for 1h and then loaded onto a glutathi- 
one-Sepharose 4B column. The column was washed with 10 column 
volumes of PBS and then eluted with 10mM reduced glutathione. The 
existence of both GST-HR2-38 and 30a-HR1 in the elution was tested 
on SDS-PAGE. 

Circular dichroism spectroscopy. Circular dichroism (CD) spectra 
were measured on a Jasco J-715 spectrophotometer in PBS. Wave- 
length spectra were recorded at 25°C using a 0.1cm pathlength cu- 
vette. For the thermodynamic stability, the HRI-HR2 complex 
protein was measured at 222nm by monitoring the CD signal in the 
temperature ranging from 25 to 95°C with a scan rate of 1°C per 
minute. 

Fusion inhibition assay. For the inhibition experiments, Vero E6 cell 
cultures growing in 96-well microplates were infected with 100 
TCIDs50/well (TCIDs was virus titers causing 50% of CPE on Vero E6 
cell monolayer and the TCIDs) used in this experiment was 
1.263 x 10°/ml). The serial 10-fold dilutions of polypeptides (8 repeats 
for each dilution) were added at the same time as virus adsorption for 
1h at 37°C. Then the mixtures of virus and the polypeptides were 
replaced by DMEM containing 2% FBS and continued to cultivate for 
96h until calculating the well numbers of CPE and inhibition of CPE. 
The ICs) was calculated according to Reed—Muench method [33]. 


Results and discussion 
HRI binds to HR2 to form a complex 


All three polypeptides, 30a-HR1, GST-HR2-38, and 
GST-HR2-44, were expressed in E. coli as soluble pro- 
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teins in this study. As our previous work has shown that 
the extra amino acids in the 30a expressed protein in 
hRSV had no effect on the binding to HR2 [31] we 
carried out all the binding experiments with this 30a- 
HRI1 preparation. GST-removed HR2-38 and HR2-44 
were both soluble proteins in PBS. When equal molars 
of 30a-HR1 and HR2-38 were mixed a unique complex 
peak could be detected by gel filtration and the peak 
molecular weight was estimated approximately as 
60 kDa (Fig. 2A). Both 30a-HR1land HR2 were detected 
in the peak on SDS-PAGE (Fig. 2A). This matches the 
calculation of 3x 30a-HR1 and 3x HR2-38, implying 
the formation of 6-helix bundle complex. We also tested 
the GST pull-down experiments and showed the tight 
binding of 30a-HR1 to GST-HR2-38 (data not shown). 


HIRI and HR2 complex is a stable a-helix coiled coil 


CD spectroscopic profile of the HRI-HR2 complex 
shows a typical o-helix structure, with double minima at 
208 and 222 nm (Fig. 2B). From previous work on other 
viral fusion core, this structure is coiled coil which is 
characterized by its extreme stability. Thermodynamic 
measurements of this HRI-HR2 complex showed it 
remains structured up to 85°C (Fig. 2C), indicating its 
extraordinary stability. 


FR2 inhibits SARS-CoV fusion 


In the presence of HR2 polypeptides (GST-fusion 
forms or synthetic peptide), we observed an analogous, 
strong inhibitory effect of SARS-CoV HR2 which 
blocked virus entry (Fig. 3). The 50% effective doses 
(ICs9) for inhibition of the CPE in cultured cells were 
0.5—5 nM for the synthetic HR2 peptide and 66.2-500 nM 
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Fig. 3. Peptide fusion—inhibition curve. (A) Typical CPE of SARS-CoV (Strain WHU) formed on Vero E6 cells. (B) CPE-inhibition curves of HR2 
peptides. The ICs» of the different polypeptides were, respectively: synthetic HR2-38 (amino acids 1149-1186), 0.5-5 nM; GST-HR2-38 (amino acids 
1149-1186), 66.2nM; GST-HR2-44 (amino acids 1149-1192, 6-extra amino acids from the program prediction at the C-terminus), 500 nM; and GST 


protein itself was used as control and no inhibitions were observed. 
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for the GST fusion HR2 forms (Fig. 3). Despite our 
extensive experiments, using both the synthetic and 
bio-engineered HR1s, we did not see any virus-infection 
inhibition effect from HR1 (data not shown). This might 
reflect the difference between HR1 and HR2 in the virus 
entry inhibition as observed in some paramyxoviruses 
[31,32,34-36]. The mechanism underlying this difference 
needs to be further investigated in the future. It is 
noteworthy that, in a recent study on MHV, only HR2 
inhibition has been observed [12]. 


Implications for coronavirus fusion and fusion inhibitor 
design 


Coronavirus entry into the cells starts with viral and 
cellular membrane fusion which is mediated by the 
binding of the viral S protein with the cellular receptor/s 
[7]. Receptor-induced conformational changes in the S 
protein are crucial in this step [20-22]. In this study, we 
have shown that the putative HR1 and HR2 of SARS- 
CoV bind to each other and form a 6-a-helix bundle 
(trimer of HR1/HR2 dimer), a characteristics of class I 
viral fusion proteins. The importance of the HR regions 
in MHV fusion has been demonstrated with site-directed 
mutagenesis study by Luo and Weiss [10,11]. As the 
receptor for SARS-CoV has been identified recently [37], 
receptor-induced conformational changes of S protein 
should be pursued in the near future, esp. the confor- 
mations of HR1 and HR2 fusion core in different stages 
during the fusion process. 

Recently, Rottier and co-workers [12] reported the 
formation of HR1/HR2 6-helix bundle complex of 
MHV S protein. This and our present result on SARS 
virus are the first evidence for a 6-helix bundle for- 
mation of HR1 and HR2 and the HR2 fusion inhibi- 
tor derived from Family Coronaviridae, implying that 
coronavirus adopts a similar fusion or entry mecha- 
nism to other RNA viruses [13]. Taking the fact into 
account that SARS is an acute disease, this kind of 
peptide inhibitors might act better than that in chronic 
infection HIV because the therapeutic peptide can be 
used through intranasal route. The conformational 
changes of the S protein are very likely to be crucial 
for coronavirus entry [20-22] and so this provides a 
most plausible target for drug design. The strong in- 
hibition of the peptide in the GST (25kDa) fusion 
form indicates that there is significant space for HR2 
to interact with HR1 in the intermediate state of the S 
protein during the process of virus fusion. This has 
also been observed in our previous work on Newcastle 
disease virus and hRSV, members of Family Para- 
myxoviridae [31,32]. Our results do provide a drug lead 
for SARS-CoV and its potential clinical application 
should be rigorously pursued in the near future. A 
clear crystal structure of this fusion core of SARS-CoV 
would also make a great deal of contribution to our 


understanding of coronavirus fusion and _ fusion 
inhibitor discovery. 
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